Specific gene functions have been successfully suppressed by gene silencing or editing in many organisms. However, genetic manipulation to suppress the function of a target tissue has not been achieved using genes such as cytotoxin family members. We established transgenic silkworms with posterior silk glands (PSGs) that express the enzymatic domain of the cytotoxin pierisin-1A (P1A), a recently identified cytotoxic protein from the cabbage butterfly Pieris rapae, which has a relatively lower DNA ADP-ribosylating activity among the pierisin family. Larvae with the modified PSGs produced sericin cocoons with potential utility in tissue engineering. Our observations of an embryonic stem (ES) cell proliferation on fabricated sericin hydrogels demonstrated that such gels can act as scaffolds to support cell growth and also mimic extracellular matrices to provide cell growth factors. In this highlight paper, we describe a new approach through targeted P1A expression, which could be applicable to the development of biologically-useful model organisms with tissue-specific dysfunction.
To date, the suppression of a specific gene function by gene silencing or editing has been successfully performed in many organisms [1, 2] . However, genetically-manipulated model organisms with cytotoxic protein-induced dysfunction of specific tissues could also be crucial for the study of various biological applications and mechanisms.
Pierisin-1 is a cytotoxic protein that is produced by the cabbage butterfly Pieris rapae [3] [4] [5] [6] . Research has shown that the addition of purified pierisin-1 to culture media can induce apoptosis of various human cancer cell lines [3] [4] [5] [6] . The N-terminal domain of pierisin-1 features an ADP-ribosyltransferase that transfers the ADP-ribose moiety of NAD to the 2'-deoxyguanosine residues of DNA [4] [5] [6] , while the C-terminal region carries a domain that mediates binding to receptors on cell membranes and uptake by target cells [6] . Based on its function, the ectopic expression of pierisin-1 could potentially be used to induce cell or tissue dysfunction for the development of model organisms with modified traits. However, no studies have examined whether cells that are genetically engineered to locally and intracellularly express pierisin-1 in vivo undergo apoptosis or have other physiological alterations. This is because the expression of pierisin-1 in any kind of living cell has been unsuccessful due to its strong cytotoxicity. A pierisin-1 homologue named pierisin-1A (P1A) was recently identified, which has a relatively lower DNA ADP-ribosylating activity
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than pierisin-1 [7] . In vitro-translated P1A protein exhibited approximately 5% of DNA ADP-ribosylating activity compared with pierisin-1 [7] .
Methods have been established for generating transgenic silkworms (Bombyx mori) [8, 9] , in addition to the production of foreign proteins by the application of popular insect cell-expression vector systems [10, 11] . Accordingly, transgenic silkworms have been studied as tools for large-scale production of foreign recombinant proteins because silkworm silk glands have a high capacity for protein biosynthesis [12, 13] . Silk proteins from silkworm cocoons which are mainly composed of fibroin and sericin are candidate biomaterials with numerous potential biomedical applications [14] [15] [16] . Wild-type silkworm cocoon shells are composed of approximately 70% fibroin protein (fibroin heavy-chain, FibH and fibroin light-chain, FibL), 25% sericin protein. Fibroin is a raw silk component specifically produced by the PSGs, whereas sericin is a glue-like protein produced mainly in the middle silk glands and promotes cocoon cohesion by surrounding and gluing fibroin threads together [16] . Genetic manipulations that alter the properties of silk glands would likely help expand the biomedical utilities of silk proteins. Therefore, to explore a genetic manipulation strategy for the induction of tissue-specific dysfunction, we recently established transgenic silkworms with forced expression of the putative ADP-ribosyltransferase domain from P1A in the PSGs [7] . In this highlight paper, we describe this new approach involving targeted P1A expression that could be applicable to the development of other biologically-useful model organisms with tissue-specific dysfunction.
The transgenic silkworms were found to carry a transgene for the expression of a specific P1A enzymatic region under the control of the FibH promoter, which is particularly active in the PSGs. The PSGs from the transgenic silkworm larvae at the spinning stage were not ablated by apoptosis, but instead exhibited morphological abnormalities such as a dented appearance as compared with PSGs from non-transformed wild-type larvae. The transgenic silkworm larvae with the expressed P1A-induced abnormality of PSGs produced thin-layered cocoon shells in which only non-fibroin proteins, mainly sericins [7, 16, 17] were detectable. RT-qPCR analysis showed that FibH and FibL mRNA levels in the PSGs of the transgenic silkworm larvae were shown to be strongly decreased. These results revealed that intracellularly-expressed P1A represses FibH and FibL protein synthesis in the PSGs of the transgenic silkworms.
The average weights of the transgenic silkworms after pupation were higher than those of non-transformed wild-type silkworms. This additional weight may be due to the retention of nutritional resources that would otherwise have been devoted to protein production, particularly fibroin, which is needed for cocoon spinning. In classical experiments, the surgical excision of silk glands from 4th and 5th instar larvae caused an accumulation of excess humoral amino acids such as, Gly, Thr, Ser, and Tyr before pupation, whereas larvae from which the entire silk gland was removed failed to pupate likely due to the presence of excess amino acids [18] . The transgenic silkworm pupae with excess weight showed no noticeable developmental defects after pupation; these transgenic silkworms were able to mature to adulthood and produce healthy transgenic offspring that can successfully reproduce for many succeeding generations. These results suggest that the retention of nutritional resources for fibroin synthesis does not appear to have negative effects on the growth of these transgenic silkworms.
Commercial sericin prepared by a process of degumming the raw silk from regular cocoons is unable to form hydrogels because the high temperature and alkaline pH conditions in degumming result in protein decomposition of sericin. However, intact, soluble, fibroin-free sericin at concentrations detectable by electrophoresis [7] could be readily prepared from the transgenic silkworm sericin cocoons using lithium bromide. Hydrogel formation of the intact, soluble sericin could then be induced following a incubation with ethanol [17] . It was not possible to use the same chemical method to obtain a fibroin-free, intact sericin solution from the wild-type silkworm cocoons due to the high level of fibroin contamination in the extracted low-concentration sericin solution. Intact, soluble sericin has moisture-retention properties that are higher than collagen and can gelate in solutions of up to 96% water. To determine whether sericin hydrogels can act as scaffolds to support cell growth and differentiation, we cultivated the mouse ES cell line EB5 on sericin hydrogels that were overlaid with a medium containing canonical recombinant human leukemia inhibitory factor (rhLIF) or that incorporated polyhedron-encapsulated rhLIF [7, 19, 20] . Research has shown that the activity of cytokines encapsulated in polyhedra, which are protein microcrystals of an insect virus, cypovirus 1, can be stably maintained over long periods in both ex vivo and in vivo environments, and can be slowly released to continually stimulate the growth and differentiation of many cell types [13, [20] [21] [22] [23] [24] . Differentiated EB5 cells are unable to proliferate in the medium containing blasticidin [19, 20] . EB5 cells did not proliferate and form alkaline phosphatase (ALP)-staining positive colonies in control cultures that were grown on sericin hydrogel lacking polyhedra or that incorporated empty polyhedra [7] . The ALP activity, the marker enzymatic activity specific for the undifferentiated ES cells, did not increase in the cells on control hydrogels after cultivation. EB5 cells that were maintained undifferentiated in the presence of rhLIF were able to proliferate, formed characteristic dome-shaped colonies and expressed ALP [7, 19, 20] . EB5 cells grown on hydrogels with polyhedron-encapsulated rhLIF and on hydrogels overlaid with medium containing rhLIF formed dome-shaped, ALP-positive colonies that exhibited greater activities of extracted ALP, respectively, than cells grown on control hydrogels incorporating empty polyhedra in a medium lacking LIF; however, there was no significant difference between these two experimental groups [7] . These findings suggested that sericin hydrogels can serve as a scaffold that supports EB5 cell growth provided that LIF is available, and that the LIF could be released from the polyhedron microcrystals, diffuse through the hydrogel in an active state and be released into the medium, continually stimulating the proliferation of undifferentiated EB5 cells.
Our study suggests that an intracellularly-expressed P1A N-terminal domain can cause site-specific, non-apoptotic effects that neither expand to neighboring tissues nor impact on the developmental stages of the individual transgenic silkworms. P1A may also be effective in any cells where it induces repression of protein synthesis. As such, intracellularly-expressed P1A encoding only the N-terminal enzymatic activity region could be used to generate model organisms with tissue-specific dysfunction that would be applicable for a variety of genetic manipulations, including the induction of quiescence in cancerous cells in mammals, and the development of animal models with impaired islet function for diabetes mellitus studies or with compromised immune system function.
Previously, absorbable collagen sponges or atelocollagen sponges, both of which incorporated polyhedron-encapsulated bone morphogenetic protein-2, have been shown to be effective for the complete and rapid healing of critical-sized bone defects in mammals, highlighting the effectiveness of combining polyhedron-encapsulated cytokines with biocompatible 3D substitutes to fabricate extracellular matrices that can control in vivo cell activities [21] [22] [23] [24] . However, scaffolds containing mammalian-derived components such as collagen or coagulation factors may present risks when used in vivo in human bodies because it is possible that they may be contaminated with prions or viruses. We previously generated a transgenic silkworms that produced polyhedron-encapsulated basic fibroblast growth factor (FGF-2) inside silkworm PSGs, allowing FGF-2 to remain in an active state in the larvae [13] . These PSGs could be fabricated into fibrous materials that stimulated NIH3T3 cell proliferation, suggesting that polyhedron-encapsulated cytokines produced in silkworm silk glands can be useful for producing pathogen-free artificial extracellular matrices [13] .
In the future, further breeding could be performed to generate a transgenic silkworm with a middle silk gland that produces sericin incorporating polyhedron-encapsulated cytokines, from which pathogen-free artificial extracellular matrices could be fabricated for use in both ex vivo and in vivo applications. Moreover, the production of these transgenic silkworms can be easily and economically scaled, particularly given the strong industrial foundation of the silk industry in Japan. Numerous studies have evaluated the use of manufactured silk proteins as implantable materials that mimic extracellular matrices, since proteinaceous silk materials can be physically and chemically manipulated, are biocompatible and biodegradable, and are already used as silk fibers for surgical sutures [14, 15] . Moreover, the pupae with greater weights than wild-type silkworms, which can be obtained by the bioengineering using the P1A gene, could be used as an effective baculovirus host for production of important foreign proteins, since the pupae would preserve nutrition that would have been needed for cocoon spinning.
Thus, from the above evidences and observations, our findings demonstrate that bioengineering for the targeted P1A expression successfully produced silkworms with a biologically-useful trait, which has significant and diverse application potentials.
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